The expression pattern of regulated genes changes dynamically depending on the developmental stage and the differentiation state of the cell. Transcription factors regulate cellular events at the gene expression level by communicating signals to the general transcription machinery that forms a preinitiation complex (PIC) at class II core promoters. Recent data strongly suggest that PICs are composed of different sets of factors at distinct promoters, reflecting the spatiotemporal profile of gene expression in multicellular organisms. Thus, today it is important to ask the question: how universal are the promoter recognition factors? This review will focus on findings that support the new idea that core promoter recognition by distinct factors is an additional level of transcriptional regulation and that this step is developmentally regulated.
Introduction
RNA polymerase II (Pol II) and a host of other factors, including the general transcription factors (GTFs) TFIIA, -B, -D, -E, -F, -H, work together to form a preinitiation complex (PIC) on core promoters and to allow subsequent transcription initiation (Orphanides et al, 1996) . GTFs have been defined biochemically as factors required for correct initiation of Pol II transcription in vitro on a promoter with a classical TATA box and a strong initiator sequence (Roeder, 1996) . TFIID, composed of the TATA-binding protein (TBP) and 14 TBP-associated factors (TAFs) (Albright and Tjian, 2000; Tora, 2002 , and references therein), was thought to be the only sequence-specific initiation factor recognising a class II promoter and thus to direct PIC assembly on all promoters.
Binding of TFIID to the promoter constitutes a critical ratelimiting step at which activators and/or chromatin remodelling factors can control transcription (Orphanides et al, 1996; Hampsey and Reinberg, 1997) . It has been widely believed that a PIC is composed of the same set of GTFs at every protein-coding gene promoter. Here we review the findings showing that transcription initiation is also regulated at the level of PIC formation at core promoters, and that many distinct PICs, with varying composition and with distinct promoter recognition factors, play important roles in transcriptional regulation.
GTFs lack diversity
Database searches for paralogue genes encoding GTF subunits have revealed that the components of TFIIB, -E,-F, -H and Pol II are encoded by single-copy genes (Aoyagi and Wassarman, 2000) . TFIIA components, which are not typical GTFs, because they are not absolutely required for PIC assembly and subsequent transcription in a purified in vitro transcription system, are encoded by paralogue genes in Drosophila and humans (Aoyagi and Wassarman, 2000 , and references therein). However, the fact that Pol II transcription can be initiated at certain promoters with PICs containing only a partial set of the GTFs has challenged the definition of GTFs (Parvin et al, 1994; Usheva and Shenk, 1994) .
Diversity in the TBP family members
In contrast to GTF components, a database search for TBP homologues revealed the existence of two additional new gene families in metazoans, which encode factors related to TBPs (Figure 1 ). TBP-like factor (TLF) has a significantly high similarity to TBP, but groups separately in unrooted phylogenic trees . This factor is also called TBP-related factor 2 (TRF2) (Rabenstein et al, 1999) and TBP-like protein (TLP) (Ohbayashi et al, 1999) . The Caenorhabditis elegans genome contains only two TBP-type factors (TBP and TLF) (Figure 1 ). TLFs and TBPs have wellconserved core domains, which however only share about 60% similarity . The different TLF core domains showed much less conservation during evolution (about 40-45% identity) when compared with the different TBP core domains (about 80% identity). This suggests that the functions of TLFs and TBPs have been subjected to different evolutionary pressures. While TBP function seems to be identical from yeast to humans, TLFs might serve a function(s) that tolerates more diversity.
A second set of TBP paralogue genes was very recently identified in vertebrate organisms (Veenstra and Wolffe, 2001 ). These genes encode factors that share a highly homologous core domain with the already known TBPs (92% identity), while they significantly differ from TBPs in their N-terminal domain, hereafter called TBP2s (Figure 1 ). Drosophila melanogaster has three different TBP-type factors: TBP, TRF2 (TLF) and another TBP-related factor (called TRF1). Based on sequence comparisons, TRF1 was classified in the TBP family in agreement with functional data showing that it is able to bind TATA boxes (Figure 1 ). Since a large number of plants and metazoans encode TBP paralogue genes, it is likely that these organisms have developed distinct TBP-type factors to facilitate differential gene expression for the regulation of distinct developmental pathways.
Variation in TAFs, TAF paralogues and their expression pattern
Similar to the TBP-type factors, TAFs also have paralogue genes and these TAF-like proteins are often expressed in a cell type-or tissue-specific pattern. The first TAF paralogue seems to have appeared in fission yeast. In this organism, two genes encode TAF5 homologues, both of which are present in the same TFIID complex (Mitsuzawa et al, 2001) . Several TAF paralogue genes have been described from the C. elegans, D. melanogaster and human genomes (Aoyagi and Wassarman, 2000; Georgieva et al, 2000; Hiller et al, 2001; Tora, 2002) . Interestingly, the D. melanogaster homologues of TAF5 and TAF4, Nohitter (Nht) and Cannonball (Can), respectively, are exclusively expressed in testis and seem to regulate a subset of genes (Hiller et al, 2001) . Along the same lines, Drosophila TAF10 homologues (TAF10 and TAF10b) are differentially expressed during Drosophila embryogenesis (Georgieva et al, 2000) . A retroposed copy of human TAF1 (TAF1L) and a homologue of TAF7 (TAF7L) are specifically expressed during male germ-cell differentiation (Wang and Page, 2002; Pointud et al, 2003) . Mammalian TAF4b, a homologue of TAF4, is expressed tissue specifically in B lymphocytes, in the granulosa cells of the ovary and testis (Dikstein et al, 1996; Freiman et al, 2001) . The expression patterns of TAF5L, TAF6L and TAF9L have not yet been investigated in organisms. Given that the general mechanism for the retention of duplicated genes is the divergence in their expression domains, it is likely that these proteins will also show restricted expression patterns. In addition, even core TAFs are expressed at very different levels in distinct cell types or tissues (Perletti et al, 1999; Mohan et al, 2003) . Thus, the nonubiquitous expression pattern of several of the TAFs and the tissue-specific expression of certain TAF homologues in metazoans suggest that they cannot be essential components of all PICs formed in every cell of an organism.
Functional differences among distinct TBP-type factors
Crystallographic studies of the core domain of TBP bound to a TATA box revealed that TBP has a saddle-like structure (Burley, 1996) . It was argued that TBP is required for the correct initiation of all RNA polymerase (I, II and III)-mediated transcription in eukaryotes. However, with the discovery of other TBP-type factors, it became clear that TBP homologues might play complementing roles in transcriptional regulation. Modelling of the three-dimensional structure of TLFs suggested that they form an asymmetric saddle-shaped core domain and that TLFs, unlike TBP, may bind to DNA sequences other than canonical TATA boxes . This view is supported by transient reporter assays demonstrating that vertebrate TLFs can potentiate transcription from exogenous TATA-less promoters (Ohbayashi et al, 2003) .
TBPs and TBP2s mainly differ in their N-terminal domains. It is therefore conceivable that unique domain features contribute to the functional difference of the two TBP-type factors. In agreement, a defined region within the N-terminal domain of human TBP may be involved in specific interactions required for the assembly of functional PICs on TATAcontaining, but not on TATA-less, Pol II and III promoters (Lescure et al, 1994) . Moreover, deletion of the N-terminal domain from mouse TBP revealed that this part of the protein functions in the regulation of a placental immune defence process (Hobbs et al, 2002) . In contrast, in mouse fibroblasts this deletion did not cause changes in gene expression in general (Schmidt et al, 2003) . These findings indicate that the activities of the TBP N-terminal domain must either be compensated for by redundant domains or are restricted to the placenta.
Multiple functionally different TFIID complexes
The rather diverse spectrum of TBP-and TAF-type factors allows eukaryotic cells to form multiple promoter recognition complexes, differing in composition and function. Indeed, a number of in vitro studies reported that a single human cell contains TFIID complexes with or without TAF10, which exhibit functionally distinct properties (Brou et al, 1993; Jacq et al, 1994) (Figure 2 ). TFIID complexes, composed of core TAFs and cell type-specific TAFs, can also be found. TAF4b was shown to be enriched in differentiated human B lymphocytes, and a unique TAF4b-containing TFIID was isolated from these cells (Dikstein et al, 1996) (Figure 2 ). Later studies suggested that TAF4b has redundant functions in B cells with other related factors, and it was shown that TAF4b mediates transcription of a subset of genes required for proper folliculogenesis in the ovary (Freiman et al, 2001) . Moreover, during spermatogenesis, TAF7L-containing TFIID complexes have been identified (Pointud et al, 2003) ( Figure 2 ). Another example is the recent observation that apoptotic stimuli can lead to alternative splicing of TAF6 resulting in TAF6d, which is part of a TFIID-like complex lacking TAF9 (Bell et al, 2001) (Figure 2) . The fact that an inducible TAF isoform is capable of selectively altering gene expression programmes further illustrates that the composition of TFIID in living cells is dynamic and responsive to cellular signals.
The above studies highlight the possibility that the various TFIID complexes have specific roles in (i) recognition of different promoters, (ii) interaction with distinct sets of general transcription factors and (iii) mediating differential responses from transcriptional activators to the PIC. The existence of different TFIID complexes is also consistent with the finding that different TAFs regulate only a limited subset of specific genes.
Alternative TBP-containing complexes play a role in Pol II transcription initiation
Another form of a TBP-containing complex, human B-TFIID or yeast TBP/Mot1 complex, does not contain the classical core TAFs, but instead a single Snf2/Swi2-related ATP-ase, human BTAF1 (formerly TAF170) or yeast Mot1 (Timmers et al, 1992; Poon et al, 1994) . Mot1 is an essential regulator of Pol II-dependent transcription in vivo (Davis et al, 1992) and dissociates TBP-DNA complexes in vitro (Adamkewicz et al, 2000) . Genome-wide transcriptional profiling analysis suggests that Mot1 positively and negatively affects subsets of yeast genes (Dasgupta et al, 2002; Geisberg et al, 2002) . In vitro, human B-TFIID mediates basal Pol II transcription, but does not support stimulation of transcription by factors containing acidic or glutamine-rich activating motifs (Timmers and Sharp, 1991) .
Negative cofactor 2 (NC2, also called Dr1/DRAP1) is an evolutionarily conserved regulator, originally identified as an inhibitor of basal transcription, as it binds to TBP and thereby blocks recruitment of TFIIA and TFIIB (Meisterernst et al, 1991; Inostroza et al, 1992) . Surprisingly, NC2 stimulates TATA-less transcription in a Drosophila in vitro transcription system (Willy et al, 2000) . Moreover, NC2 can directly stimulate activated transcription from TATA-driven promoters, both in vivo and in vitro in yeast (Cang and Prelich, 2002) . Indeed, NC2 is required for the expression of many yeast genes and plays both positive and negative roles in vivo (Creton et al, 2002 , and references therein). These studies reveal that the NC2/TBP complex is a bifunctional basal Recently, another TBP-containing complex, TAC (TBP-TFIIA-containing complex), was described in embryonic carcinoma cells, but this seems to be absent in differentiated cells (Mitsiou and Stunnenberg, 2000) . TAC contains the TFIIAg subunit and the unprocessed form of TFIIAab, and mediates transcription initiation by Pol II in the absence of TAFs.
TAFs are present in multiprotein complexes that lack TBP
Several TAF-containing multiprotein complexes lacking TBP have been isolated from yeast, Drosophila or human cells (Muratoglu et al, 2003 , and references therein). The TBP-free TAF-containing complex (TFTC) (Figure 2 ) was shown to replace TFIID or TBP both on TATA-containing and TATA-less promoters in transcription assays on naked DNA templates in vitro (Wieczorek et al, 1998; Brand et al, 1999) . This finding challenged the view that assembly of the PIC was nucleated exclusively by the sequence-specific binding of TBP/TRF1/ TLF-containing complexes to promoters. TFTC is composed of a subset of TAFs, TAF homologues, the GCN5 histone acetyltransferase (HAT), TRRAP (a cofactor for Myc and E2F activation), and proteins belonging to the SPT and the ADA family of factors (Figure 2) (Wieczorek et al, 1998; Brand et al, 1999) . In agreement with a role of TFTC in transcription initiation, a TFTC-like complex containing the GCN5 HAT was shown to facilitate type I interferon-stimulated transcription in a TBP-independent manner (Paulson et al, 2002) . These findings point to an important role of TBP-independent transcription, which may add another level to the complexity of the regulation of eukaryotic gene expression. TAFs have also been described in other TBP-free HAT complexes: the yeast SAGA, the Drosophila TFTC, human PCAF/GCN5 and STAGA complexes (Martinez, 2002; Muratoglu et al, 2003, and references therein) . Although these HAT complexes have a similar polypeptide composition as TFTC and have been implicated in the regulation of Pol II transcription at the chromatin level, they have not yet been shown to be involved in promoter recognition. Further studies are required to understand the molecular mechanisms by which TBP-free TAF complexes regulate promoter accessibility, recognition and PIC assembly.
Promoter recognition factors in development
After the discovery of the numerous TBP-type protein-and TAF-containing complexes, the next obvious question is how do these different sets of transcription complexes regulate tissue and developmental stage-dependent transcription. Information on the role of GTFs in multicellular organisms during development is only starting to emerge. The two areas of development in which the role of GTFs has been addressed in some detail are the activation of the zygotic genome in the early embryo and gametogenesis (the latter reviewed recently by Hochheimer and Tjian, 2003) . The transition of embryo differentiation by maternally inherited gene products to zygotic gene activation provides a fascinating model for the analysis of the interplay between cell cycle regulation, chromatin assembly, epigenetic reprogramming and assembly of the transcription machinery (Newport and Kirschner, 1982; Stancheva and Meehan, 2000; Vassetzky et al, 2000) . In most animal models including Drosophila, C. elegans, zebrafish and Xenopus, zygotic gene activation is preceded by synchronous cell cycles with no gap phases (Newport and Kirschner, 1982; Edgar and Schubiger, 1986) , and zygotic gene activity is also delayed in mammals (Bolton et al, 1984; Thompson et al, 1998) .
A number of studies explored the mechanisms by which zygotic gene activation is initiated in frog embryos at the midblastula transition (MBT). Interestingly, priming TBP binding to DNA allows premature transcription before the MBT, supporting a model that titration of chromatin assembly of histones and other repressive factors in the egg results in the dramatic upregulation of zygotic transcription (Prioleau et al, 1994) . Additionally, TBP protein levels were shown to be limiting during pre-MBT and are dramatically upregulated at the initiation of zygotic transcription (Veenstra et al, 1999) .
In the mouse embryo, TBP was shown to accumulate in the nucleus at the time when transcription starts, probably by a process involving new protein synthesis (Worrad et al, 1995) . Drosophila and human TAFs were also found to localise both in the nucleus and cytoplasm in different tissues and at different time points (Georgieva et al, 2000; Pointud et al, 2003) , suggesting that translocation of TAFs may regulate their activity. When somatic cell nuclei were transplanted into Xenopus oocytes, TBP was actively removed from these nuclei by a mechanism involving the chromatinremodelling nucleosomal adenosine triphosphatase (ISWI), indicating a possible mechanism for intracellular TBP transport between transcriptionally active and inactive states (Kikyo et al, 2000) .
TBP is indeed required for initiation of zygotic Pol II transcription in frog, fish and mouse, but not universally (Veenstra et al, 2000; Muller et al, 2001; Martianov et al, 2002) . At the same time, TLF loss-of-function phenotypes of embryos revealed a critical role for TLF in zygotic gene activation in C. elegans (Dantonel et al, 2000; Kaltenbach et al, 2000) , Xenopus (Veenstra et al, 2000) and zebrafish (Muller et al, 2001) . Importantly, TLF-or TBP-depleted embryos both in fish and frogs revealed specific non-overlapping roles for the two factors in regulating distinct subsets of promoters. C. elegans TLF may have repressor as well as transcriptional activator function. Elimination of TLF expression by RNA interference in C. elegans caused not only lack of expression of early patterning genes but also premature ectopic expression of others (Dantonel et al, 2000) . Thus, TLFs may positively or negatively regulate Pol II transcription, depending on the developmental stage of the embryo (Figure 3) . Surprisingly, TLF mutants in mouse have no embryonic phenotype, but are male sterile (Martianov et al, 2001; Zhang et al, 2001) , and a role for mouse TLF in Pol II transcription initiation is yet to be demonstrated. The significant difference between functional requirement for vertebrate TLFs is yet to be understood, especially in the light of the very high degree of conservation among them.
TAF10 is required for early development in the mouse in the inner cell mass, but not in the trophoblast, which develops normally in TAF10 knockout (KO) mice, indicating a TAF10-independent mechanism of transcription in this specialised extra-embryonic tissue (Mohan et al, 2003) . The KO of TAF4b resulted in infertile female mice because of a defect in folliculogenesis. Gene expression profiling has uncovered a defective inhibin-activin signalling pathway in TAF4b-deficient ovaries (Freiman et al, 2001) . These in vivo studies together with the differential expression patterns of TAFs suggest that vertebrate TAFs mediate the transcription of a subset of genes in different tissues or cell types.
Little is known about the regulation of individual promoters by GTFs during zygotic gene activation and subsequent differentiation. The shift from utilisation of a TATA-containing promoter to a TATA-less promoter of the protein translation initiation factor gene (Davis and Schultz, 2000) and those of the microinjected HSV thymidine kinase promoter (Majumder and DePamphilis, 1994) during mouse preimplantation development indicates that different regulatory mechanisms act in promoter recognition in a temporally defined manner. From recent data it seems plausible that distinct complexes are recruited to TATA-containing and TATA-less promoters. It was shown that Drososphila TRF2 (TLF) copurifies with components of the nucleosome remodelling factor (NURF) complex as well as the DNA replication-related element (DRE)-binding factor DREF, and directs core promoter recognition of the proliferating cell nuclear antigen (PCNA) gene (Hochheimer et al, 2002) (Figure 1) . The TATA-box-containing PCNA promoter is bound by TFIID, and a TATA-less promoter of this gene is bound by a TRF2 (TLF)-and DREF-containing complex. Uniquely, Drosophila TRF1 was described as a factor involved in neurogenesis with a restricted expression pattern in the embryo (Crowley et al, 1993) . Later, TRF1 was reported to be present in a yet unidentified multiprotein complex (Hansen et al, 1997) , and to direct the expression of the embryogenesis-related tudor gene from an alternate promoter (Holmes and Tjian, 2000) . TRF1 is also present in the Drososphila TFIIIB complex, and thus was implicated in the regulation of the expression of Pol III genes (Takada et al, 2000) . These findings further indicate that the core promoter is an active participant in the regulation of eukaryotic gene expression, which may be regulated by a developmentally changing set of initiation complexes. In spite of the fact that TRF1, TLFs, and possibly also TBP2s, are required for the regulation of a subset of promoters, the exact molecular mechanisms by which these factors nucleate PIC assembly have not yet been elucidated.
Conclusions and future directions
Many studies have documented the diversity of the components of the PICs, but we are still at the very beginning of understanding their biological functions, and how and why they assemble at certain promoters at a given time during development. Further studies focusing on distinct developmental stages or comparing pluripotent and differentiated cell types from different species are required to better understand the regulation of gene expression at the core promoter level. The drawback of the KO and antisense technologies used in different model systems for loss-of-function analyses is that they reveal only the first biological functions in very early steps of development. Conditional mutants with controlled inactivation of TBP-type factors or TAFs will be essential to uncover their specific regulatory roles during later stages of development, establishment and gradual determination of cell lineages as well as differentiation of tissues. Moreover, in vivo visualisation and chromatin immunoprecipitationbased techniques (using intact embryos or tissues) will be very informative to provide a temporal and spatial analysis of promoter occupancy by the diversity of the above-described factors. These experiments can then be complemented with biochemical approaches using extracts or factors prepared from differentiated cells or tissues to understand the exact molecular mechanisms that are relevant to the regulation of genes in cell type-and developmental stage-specific ways. It is very likely that the future results will draw a much more 'colourful view' (Figure 2 ) of complexes playing a role in promoter recognition and PIC formation than those found in HeLa cells and yeast, which until recently provided most of our knowledge on PIC assembly.
